Mutations in the ninaA gene of Drosophila severely reduce the amount of rhodopsin specifically in R1-6 photoreceptors. Isolation of the ninaA gene by chromosomal walking revealed that it is expressed only in the eye and encodes a 237-amino acid polypeptide that shows strong sequence similarity to cyclophilin, a putative molecular target for cyclosporine A, a potent immunosuppressant used in human organ transplantations. Unlike most cyclophilins characterized to date, the ninaA-encoded protein has a putative signal sequence and a transmembrane domain. Each ofthe three ethyl methanesulfonate-induced ninaA mutant alleles analyzed shows a single nucleotide change in the mRNA coding region leading to either a nonsense or a missense mutation. We rind no evidence that the ninaA-encoded protein is directly involved in phototransduction. The only detectable mutant phenotype that correlates with the severity of molecular defects in the three mutants is the amount of depletion of R1-6 rhodopsin. The above results and the recent findings that cyclophilin is a peptidylprolyl cis-trans-isomerase suggest that the ninaAencoded protein may be required for proper folding and stability of R1-6 rhodopsin.
Mutations in a number of genes of Drosophila melanogaster have been found to dramatically reduce the amount of visual pigment, rhodopsin (1, 2) . In wild-type flies, photoconversion of a substantial net amount of rhodopsin to a thermally stable intermediate, metarhodopsin, results in the generation of a prolonged depolarizing afterpotential (PDA) and concomitant desensitization of photoreceptors (3, 4) . The amplitude of the PDA and the amount of desensitization induced are closely, though not linearly, related to the amount of rhodopsin photoconverted (3, 4) . Thus, in the mutants with reduced rhodopsin content, the afterpotential and desensitization are underdeveloped or absent (2) , because the rhodopsin content is too low for substantial photoconversions to occur. The eight genes identified from such mutations have been named ninaA to -H (neither inactivation nor afterpotential) (2) . One of these genes, ninaE, encodes opsin in the R1-6 class of photoreceptors (5, 6) , and, therefore, mutations in this gene affect only rhodopsin present in R1-6 photoreceptors. Several lines of evidence, including freezefracture electron microscopy and PDA recording from R7 photoreceptors (2, 7) , suggest that the effects of mutations in another nina gene, ninaA, are also confined to R1-6 photoreceptors, suggesting a regulatory function of the ninaAencoded protein on R1-6 rhodopsin. We have undertaken cloning of the ninaA gene in the hope of uncovering the identity of its protein product and to learn about its possible role in photoreceptor function. t MATERIALS AND METHODS DNA and RNA Analyses. General DNA techniques used were as described by others (8) . cDNAs were isolated from an adult head library provided by P. Salvaterra (9) . Procedures for RNA extraction and Northern blots have been described elsewhere (10) .
Chromosomal Walking. A chromosomal walk (11) was initiated by using the clone P-LSP-1 34 obtained from A. Garen (12) . Bacteriophages DA4(1), PA1(4), and PA3 (2) were derived from the Maniatis library (13) . All other bacteriophages were derived from an EMBL 4 library (unpublished data), using an Oregon R stock marked with the white (w) (14) (16) . In situ hybridizations were carried out according to the protocol ofLanger-Sofer et al. (17) with the modifications that DNA was nick-translated using Bio-16-dUTP (Enzo Biochemicals) and hybridization was detected with the Detek-I-HRP detection kit (Enzo Biochemicals). Construction of Mutant Genomic Libraries. Genomic DNA of mutant flies was isolated as described (10) . Purified genomic DNA was digested with BamHI and cloned into BamHI-cut dephosphorylated EMBL 3 A vector. Genomic fragments corresponding to the wild-type 1.6-kilobase (kb) Bgl II fragment were purified and subcloned into M13mpl8 for sequencing.
DNA Sequencing and Sequence Analysis. DNA fragments to be sequenced were subcloned into M13mpl8 vector, and both strands of all clones were sequenced by the Sequenase system (United States Biochemical). DNA sequence analysis was performed with the programs described by Mount and Conrad (18) . DNA and protein data base searches were done with the FASTA program (19) tThe sequence reported in this paper is being deposited in the EMBL/GenBank data base (accession no. M22851).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (20) available on BIONET. The putative signal sequence cleavage site was determined by using the weight matrix algorithm of von Heijne (21) . Intracellular Recordings. Techniques used for recording intracellularly from Drosophila photoreceptors were essentially the same as those described (22) .
RESULTS
Genetic Localization and Molecular Cloning of the ninaA Gene. Preliminary to cloning, the ninaA gene was mapped genetically using the partially overlapping deficiencies Df(2L)ast4 (21D1-2;21E1-2) and DfJ2L)ast-6 (21E1-2;21E2-3) (23) . Complementation tests showed that Df(2L)ast4 does not complement ninaA mutations, whereas DfJ2L)ast-6 does (see Fig. 1A ). The result placed the ninaA gene between the distal breakpoints of these two deficiencies (21D1-2;21E1-2) on the left arm of the second chromosome. Because this chromosomal interval contains the previously cloned gene for the /3-subunit of the larval serum protein 1 (12, 24) , a clone for this gene was obtained and used as a starting point for a chromosomal walk (11) . Overlapping genomic fragments were isolated in both proximal and distal directions until the two distal breakpoints were reached (see Fig. 1 A and (15) ]. Accordingly, this 1.6-kb Bgl II fragment was used to screen an adult head cDNA library (9) . Sequence analysis of the 1.6-kb genomic fragment and the largest 0.8-kb cDNA isolated (Fig. 1C) (Fig. 2 ).
In the case of ninaAP268, a missense mutation changes the histidine residue at position 227 into a leucine (Fig. 2) . The finding that all three ninaA mutations lead to structural alterations of the protein product strongly supports the conclusion that the ninaA gene has been cloned.
Transcriptional Analysis. Developmental Northern blot analysis showed that a single 0.95-kb transcript begins to be expressed in late pupae (Fig. 3A, lane 4) ninaAP263 but is present in normal amounts in the other two mutants (Fig. 3B) . The ninaAP263 mutation is almost certain to be a null allele, because of the undetectable level of ninaA mRNA in the mutant (Fig. 3B ) and the small truncated protein permitted by the nonsense mutation (Fig. 2) . The ninaAP268 
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AAG CCG GTG GGC AGG ATC ACG TTT GGA CTG TTC GGG AAG CTG GCT CCC AAG ACG GTG GCA AAC (C) allele, on the other hand, is expected to be the least severe of the three alleles since it is the only one that does not cause protein truncation (Fig. 2) .
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Electrophysiology. To see if there are any electrophysiological defects that correlate with molecular defects determined for the three ninaA mutants, the receptor potentials were recorded intracellularly from the R1-6 photoreceptors of the same three molecularly characterized ninaA mutants and compared with those obtained from wild type (Fig. 4) . It may be seen readily in Fig. 4 that even the null allele ninaA'63 does not block the generation of the receptor potential. The PDA elicited by the first blue stimulus (arrowheads in Fig. 4) , on the other hand, decays much faster in the mutants. In fact, the rapid degradation of the PDA is the only obvious electrophysiological phenotype consistently present in all three ninaA mutants. Moreover, the three mutants rank precisely in the same order in terms of the severity of this electrophysiological phenotype as that predicted from the molecular defects. The PDA is generated by a substantial net photoconversion of rhodopsin to metarhodopsin (3), and, therefore, the degree of development of the PDA is closely related to the amount of R1-6 rhodopsin present in the mutants (2) , although the relationship is highly nonlinear (2) (3) (4) (Fig. 5) . The ninaA-encoded protein shares 43% and 45% sequence identity with the human and Neurospora crassa CyPs (25, 26) , respectively. The larger ninaA-encoded protein, however, extends out beyond both the N and C termini of the two CyPs, and the two terminal regions, not present in the two CyPs, contain hydrophobic domains (Fig. 5) , which could serve as transmembrane segments (20) . The weight matrix algorithm ofvon Heijne (21) predicts a signal sequence in the N-terminal region of the ninaA-encoded protein. The predicted signal sequence cleavage site (Fig. 5) land) showed unequivocally that the ninaA-encoded protein, translated in vitro in a reticulocyte lysate system, binds specifically to a CsA affinity column (P. Hiestand and S.S., unpublished results).
DISCUSSION
The ninaA gene has been found to encode a putative membrane protein with a calculated molecular mass of 26 kDa showing high (45%) sequence similarity to human CyP. CyP has been characterized in mammalian tissues as a ubiquitous cytosolic protein with a molecular mass of 17 kDa (27) (28) (29) . Because of its high affinity for CsA, CyP is thought to be the primary target for CsA, a cyclic undecapeptide of fungal origin (30) used extensively in human organ transplantation as a potent immunosuppressant (31) . Not only is the ninaAencoded protein similar in sequence to human CyP, it also displays high affinity for CsA when translated in vitro, suggesting that the ninaA-encoded protein, indeed, is a member of the CyP family.
Cellular functions of CyP have not been elucidated, although it has been suggested to play a role in a signaling pathway associated with T-cell activation (32) . Thus, it is tempting to suggest that the ninaA-encoded protein plays a (25, 26 (Fig. 5) . The slight reduction in the amplitude of the R1-6 receptor potential and the grossly underdeveloped PDA seen in the mutant are both readily explainable in terms of greatly reduced R1-6 rhodopsin content (2, 22) . On the other hand, the close correlation between the severity of ninaA mutations and the amount of depletion of R1-6 rhodopsin suggests that the ninaA-encoded protein may be involved in a process that determines or regulates the amount of rhodopsin in R1-6 photoreceptors. However, ninaA mutations have been shown not to affect either the transcription level of the R1-6 opsin gene (ninaE) or the ninaE mRNA stability ( Fig. 4 ; unpublished results; ref. 33) . Thus, the ninaA-encoded protein could be involved in the posttranscriptional control of R1-6 rhodopsin levels, such as in the steps required for synthesis or insertion of these molecules into the membrane. It has been established recently that CyP is identical with peptidylprolyl cis-trans-isomerase (34, 35) , which catalyzes refolding of a number of denatured proteins in vitro by proline isomerization. The finding suggests that the ninaA-encoded protein may be important for the proper folding and consequent stability of R1-6 rhodopsin.
The ninaA-encoded protein is unusual in that it has both a putative signal sequence and a transmembrane domain. Most of the CyPs characterized to date are cytosolic (29) except for one form, which is targeted to the mitochondria through a signal sequence (26) . The importance of targeting and sitespecific localization of CyPs for their function is further supported by the results on the ninaAP228 mutant, in which truncation of the putative membrane anchor alone (Fig. 4) is sufficient to impair the protein function, although the protein is partially functional if the mutant is grown at low temperatures (unpublished observations). It is possible that CyPs discharge their functions through interactions with a target protein and that the target protein for the ninaA-encoded protein is R1-6 rhodopsin. Since rhodopsin is a membranebound protein, interactions between the ninaA-encoded protein and rhodopsin are likely to occur in the membrane, requiring a membrane-bound form of CyP. Further physiological and biochemical analyses of ninaA mutants may provide important insights into the role of CyP in cell physiology.
